Mechanism of dinitrogen reduction in protic media is discussed in the light of results obtained for specially prepared binuclear complexes M"M with bridging dinitrogen capable to be protonated and reduced. The conclusion is made that such complexes with d2 or d3 electronic configuration of M together with additional electron donor are likely intermediates in catalytic dinitrogen reduction by comparatively weak reducing agents. Model systems are compared with the active center of dinitrogen fixing enzyme, nitrogenase.
INTRODUCTION
Until the middle of the sixties a great gap existed between biological nitrogen fixation by bacteria and the chemistry of dinitrogen known at that time. N, was considered extremely chemically inert, unable to react with any substance at room temperature except metallic lithium. Therefore chemistry of biological nitrogen fixation long remained mysterious, particularly because until 1960 the process was observed only in living cells of nitrogen fixing bacteria.
Since then the situation has changed drastically. Nitrogen fixing enzyme, nitrogenase, was isolated capable to catalyze N, reduction to ammonia in vitro and the mechanism of enzymatic dinitrogen reduction becomes more and more understood. At the same time first chemical reactions of N, in solutions of transition metal complexes were discovered and since then the chemistry emerged of low-temperature dinitrogen reactions. Almost simultaneously first dinitrogen complexes with transition metal compounds were discovered and thus new branch of coordination chemistry, that of N2 complexes was opened.
From the very beginning it was clear that the three fields of research: chemistry of enzymatic nitrogen fixation, low-temperature N, reduction in the presence of transition metal complexes and chemistry of N, complexes with transition metal compounds, are closely related. Nitrogenase contains transition metals, iron and molybdenum, and catalyzes N, reduction to ammonia. Chemical reactions of N, with transition metal complexes are mainly reductions and N, complexes should be among intermediates in enzymatic and purely chemical dinitrogen reduction.
However first results obtained with stable dinitrogen complexes were disappointing: N, ligand turned out to remain chemically inert. First dinitrogen reactions in solution were found to proceed under the action of very strong reducing agents and produced usually complex nitrides, whereas in the enzymatic process intermediate dinitrogen complex is producing ammonia evidently with participation of solvent protons.
Only after long search dinitrogen complexes were discovered with N, capable to further reduction to hydrazine and ammonia. The reactions of N, in protic media were also discovered forming hydrazine and
WEAK REDUCING AGENTS (ref. 1) POSSIBLE MECHANISMS OF DlNlTROGEN REDUCTION BY COMPARATIVELY
Chemical inertness of dinitrogen is reflected in its characteristics. Triple bond dissociation energy is very high (225 kcal/mol), ionization potential is 15.6 ev, electron affinity has a large negative value. Dinitrogen is a very weak base virtually unable to be protonated even by strongest acids. Highest ocwpied MO of N , , 3ug is strongly bonding, while lowest unoccupied M0,lng corresponds to high energy. At the same time considering dinitrogen properties one may find its weak points. Bond dissociation energy is very unevenly distributed between NN bonds. The first breaking bond is by far the strongest one among the three and corresponds to more than half of the triple bond energy. This is reflected also in redox potentials of electron transfer to dinitrogen: one-or two-electron reductions require very strong reducing agents with high negative values of redox potentials whereas four-and particularly six-electron reductions require much weaker, rather mild reducing agents. These considerations led us already long ago to a mechanism of dinitrogen reduction with participation of comparatively weak reducing agents through intermediate binuclear complexes:
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Here and after M is transition metal compound.
In consecutive protonation of dinitrogen in the complex hydrazine can be formed avoiding thermodynamically unfavourable diazene N,H,, or even ammonia can be formed directly avoiding hydrazine. This mechanism can be considered four-or six-electron reduction of dinitrogen. Indeed four electrons of two M are used already in the intermediate complex MNNM in forming the MN bonds and the electrons are shifted even more to the bridging dinitrogen under the action of protons.
More traditional terminology is often used and the intermediates like MNHNHM are regarded as coordinated diazene stabilized by two M, but it should be kept in mind that "stabilizedtt N2H, may be in fact very close to a hydrazine derivative M-NH-NH-M.
Proceeding from consideration of molecular orbitals of the intermediate complex M-N+N-M an optimum electronic configuration may be derived which, at given redox potential, corresponds to maximum weakening of MN bonding and forming of maximum negative charge on N atoms in the binuclear complex. MgATP takes part in the process, being hydrolyzed in coupled reaction with electron transfer. Minimum number of MgATP molecules hydrolyzed per one electron transferred seems to be two. The mechanism of this coupling is not yet clear but it may be thought that the energy of ATP hydrolysis is used to shift the redox potential of MoFe protein to more negative values. Without dinitrogen H, is evolved in reaction with solvent protons and even at saturating dinitrogen pressures dihydrogen evolution proceeds in parallel coupled process with dinitrogen reduction and the stoichiometry of the whole reaction may be written schematically as follows:
Other substrates besides dinitrogen can be reduced in the presence of nitrogenase including acetylene, N,O, CH3NC, cyclopropene.
It was discovered recently (see ref.
3 ) that besides molybdenum containing nitrogenase another nitrogenase exists with vanadium replacing molybdenum. This nitrogenase is produced in Rzotobacter strains which were lacking the DNA encoding molybdenum nitrogenase. In vanadium nitrogenase proteins similar to those present in molybdenum nitrogenase form a complex of VFe protein containing two vanadium atoms with Fe protein containing Fe4S, cluster. Despite many similarities between two nitrogenases there are also some differences. E.g. in the case of vanadium nitrogenase some ethane is produced from acetylene besides ethylene which is the only product of C,H, reduction by molybdenum nitrogenase. Hydrazine was found to be a by-product of dinitrogen reduction with vanadium nitrogenase (ref. 4), whereas ammonia is the only product of reduction by molybdenum nitrogenase. There have been reports about the third nitrogenase apparently based only on iron since no other transition metals are present in the enzyme. However when isolated this nitrogenase is very inactive towards dinitrogen and therefore it is not yet quite certain that it is iron only nitrogenase.
Low-molecular iron-molybdenum cofactor was isolated from MoFe protein (see ref. 5 ). It contains one molybdenum atom, 6-8 iron atoms, [8] [9] sulfur atoms and also a molecule of organic substrate homocitrate is not yet clear and will be discussed later. Here it may be mentioned only that the composition of iron-molybdenum protein is in agreement with the conclusions made earlier about an optimum catalyst for dinitrogen reduction with metal complexes: two cofactors could form a complex with bridging dinitrogen by means of two molybdenums or two vanadiums with d2 or d3 electronic configuration. Other mechanisms could be suggested as well with N, bound end-on to Mo or to Fe or with Nq bridging between Mo and Fe, and these latter mechanisms must be considered of course if the two cofactors function separately. For any mechanism iron-sulfur clusters situated near the reaction center may function as electron reservoirs.
COMPLEXES (ref. 1) DINITROGEN REDUCTION IN THE PRESENCE OF TRANSITION METAL
Dinitrogen reduction in solution was observed for the first time in a pioneering work published by Vol'pin and Shur in 1964 (ref. 6) . Dinitrogen was shown to be reduced by strong reducing agents, such as RMgX, LiAlH,, LiR, AlR,, Mg+MgI, in the presence of compounds of various transition metals (Ti, V, Cr, Fe, Mo etc.). Naturally the reaction is possible only in aprotic media. Generally complex nitrides of transition metals are produced, forming ammonia when decomposed by an acid. The products are hydrazine and (or) ammonia. Generally hydrazine in not the precursor of ammonia: they are formed in parallel. Prevalence of N,H, or NH, depends mainly on the system reducing ability. For relatively strong reducing agents hydrazine is usually the main product, whereas weaker reductants produce ammonia. If the reducing agent is not sufficiently strong to produce hydrazine the system is apparently waiting for additional two electrons to cleave N-N bond and to form thermodynamically more favourable ammonia.
Dihydrogen is evolved in all the systems in parallel with dinitrogen reduction. This parallel reaction is partly responsible for low yields of N, reduction products in some of the systems.
Other substrates of nitrogenase are also reduced in these systems but requirements for their reduction are not so severe as for dinitrogen.
Thus acetylene can be reduced by hydroxide of molybdenum(II1) to ethylene and ethane without a stronger reducing agent, and several hydroxides which are inactive towards dinitrogen without molybdenum(II1) can reduce acetylene.
COMPLEXES CATALYTIC DINITROOEN REDUCTION IN THE PRESENCE OF M O L Y B D E N U M
As it was mentioned molybdenum(II1) requires an additional reducing agent to reduce dinitrogen to hydrazine and ammonia. This property opens the way for catalytic dinitrogen reduction, molybdenum compounds playing the role of the catalyst. Indeed we have found two kinds of systems which are catalytic with respect to molybdenum(II1). The first involves titanium(II1)-magnesium(I1) mixed hydroxide and becomes catalytic at elevated temperatures (see Table 1 ). The second, based on sodium amalgam, is catalytic already at room temperature and atmospheric pressure. The system may be developed and becomes particularly active when molybdenum compound is mixed with magnesium salt before reduction to molybdenum(II1) and the process is performed in the presence of organic phosphines and certain surface-active materials, e. g. phospholipid, lecithin (phosphatidylcholine). The molybdenum complex is incorporated in the thin film of the phospholipid covering the amalgam surface. Dinitrogen and solvent (methanol and water) molecules diffuse through the film to the complex situated near the amalgam surface which is the electron donor of the system. The activity of this highly organized and very effective catalytic system is close to that of nitrogenase, though making the comparison one has to have in mind that the artificial system requires much stronger reducing agent. We have isolated several complexes of molybdenum(V) and (VI) which are the precursors of the catalytic complexes and become catalysts when reduced to the state of molybdenum(II1). The structures of the two complexes found by X-ray analysis are presented in Fig. 1 and 2 . They contain two and eight molybdenum atoms each and are stabilized by magnesium bridges.
According to the results obtained by gel chromatography the sizes of the complexes remain the same when they are reduced to molybdenum(II1) state. Therefore apparently they contain the same number of molybdenum atoms though exact structures of the molybdenum(II1) complexes remain to be determined. Kinetic experiments have shown that the larger is the number of molybdenum atoms in the complexes the higher is their catalytic activity. The structures confirm the essential role of polynuclear complexes as catalysts for dinitrogen reduction. Activating role of phosphines is probably due to their basic properties. They increase the reducing ability of molybdenum(II1) entering its coordination sphere. The exact way of dinitrogen coordination remains unclear. N, may form a bridge between two molybdenums replacing oxygen or there could be an end-on coordination and subsequent protonat ion to hydrazido complex Mo=N-NH,, electrons being provided from another molybdenum in the complex. 
. REDUCTION OF DINITROGEN IN COMPLEXES WITH TRANSITION METALS
The first dinitrogen complex, [Ru(NH~)~N,]~', identified by Allen and Senoff (ref. also remain inert. The first dinitrogen complex found to be intermediate in dinitrogen reduction was observed in ether solution in interaction of N, with the products of the reaction of (C,H,),TiCl, with i-PrMgC1 (ref. la). The complex is very unstable (its heat of formation is only ca. 5 kcal/mol) and was observed only at low temperatures. Nevertheless it was isolated and happened to be a binuclear complex
. In excess of the reducing agent in solution the complex is further reduced to a product which forms hydrazine at protonation. The structure of the similar but more stable complex with aryl group at titanium was shown to be linear with respect to the fragment TiNNTi (ref.
11).
Intermediate complexes in dinitrogen reductions in protic media are all unstable and difficult to be isolated. From kinetic results obtained for dinitrogen reduction by mixed titanium(II1)-magnesium(I1) hydroxide in the presence of molybdenum(II1) complex it follows that the enthalpy of the N, complex formation is -7 kcal/mol (ref. 12). The value of the complex formation entropy (-17 e.u.) indicates that coordination of dinitrogen is likely to be accompanied by the loss of two water molecules, therefore MoN bonds in the complex are probably much stronger than formation enthalpy would indicate.
Some of the results obtained definitely support the mechanism with polynuclear transition state and bridging dinitrogen between two transition metal atoms as the activated form of N , . E.g. kinetics of dinitrogen reduction by vanadium(I1) catechol complex (second order with respect to V" and first order with respect to Nz concentrations) show that two V1I complexes are involved in reaction with Nz (ref. 13 ). Each vanadium complex according to the EPR spectrum contains three VI1 atoms. Therefore six-nuclear vanadium(I1)-dinitrogen complex was concluded to be the transition state in N, reduction. Moreover the EPR spectrum indicates that three vanadiums in the complex form an open triangle which could then form a cycle with bridging dinitrogen. (X = F, C1, Br or I; dppe = Ph,PCH,CH,PPh,).
These reactions were extensively studied in several laboratories (see ref. 15) and invoked much interest among those involved in the work on nitrogen fixation. Apparently since then the mechanism of N, reduction via mononuclear complexes have been widely accepted as a general one and was spread on the biological dinitrogen reduction, though actually they are not intermediates in catalytic or stoichiometric dinitrogen reduction protic media: they are first synthesized in aprotic conditions and then are protonated by an acid producing ammonia or hydrazine.
More recently a new branch of dinitrogen complexes with N, capable to further reduction appeared in literature. The complexes are binuclear and contain dinitrogen as a bridging ligand (ref. 16 ). Some of them are presented in Table 2 . Besides complexes of titanium(I1) and zirconium(I1) known earlier they include complexes of vanadium(IIJ, niobium(III), tantalum(III), molybdenum(1V) and tungsten(1V). All of them have electronic configurations d2 or d3. According to the data on NN and MN bond lengths and NN vibration frequencies dinitrogen molecule in these binuclear complexes is considerably more activated than in end-on mononuclear ones. For some of the complexes the structure M=N-N=M seems to be more appropriate than the structure with NN triple bond M-NIN-M. They illustrate very well four-electron mechanism of dinitrogen reduction discussed earlier. The results with protonation of bridging dinitrogen confirm the conclusion that dinitrogen ligand is strongly activated. Niobium and tantalum complexes form hydrazine quantitatively when protonated by HC1. Vanadium, molybdenum and tungsten complexes produce mainly ammonia, the yields being smaller than quantitative: part of coordinated dinitrogen is evolved as free N3. These differences in their behaviour may be reasonably explained in similar way to N, reduction in different systems in protic media by different reducing properties of the metals in the complexes. Nb"' and Ta"' are sufficiently strong two-electron reductants to form hydrazine. In the case of the other complexes they are unable to easily produce hydrazine and have to receive two more electrons to break NN bond and to produce ammonia. These additional electrons are provided by other dinitrogen complexes present in the solution and this results in their oxidation with free dinitrogen evolution. If the protonation is performed in the presence of an added reducing agent (zinc or sodium amalgam) the yields of ammonia are considerably increased ( Table 2 ) , since additional electrons for ammonia formation are provided by the reductants and therefore less dinitrogen is lost from the complexes. Ref.
1.228 NH3(33) V"' 18, 19 1.25 (2) N2H4 ( The reduction of bridging dinitrogen at protonation in specially prepared binuclear complexes may be considered as a model of the second stage of dinitrogen reduction in protic media (described above), the first stage being complex formation.
In this connection it is of interest to compare metals (and their oxidation states) which are found to activate dinitrogen to reduction in protic media ( a ) with those able to form bridging binuclear M"M complexes with N2 undergoing reduction at protonation (b): Of course it may be foreseen that other metal complexes will be found in future for both dinitrogen activation and reduction in protic media and the synthesis of binuclear M"M complexes with N2 reducible at protonation. Nevertheless the resemblance of the both groups is striking and hardly accidental: metals of IV-VI groups with d2 or d3 electronic configuration turn out to be able to reduce N, in protic media and form appropriate complexes for further dinitrogen reduction.
Similarly to N, reduction in protic media the choice between hydrazine and ammonia in products of protonation of M"M complexes is determined mainly by M reducing ability: N,H, is formed in the case of sufficiently strong two-electron reductants, while less strong reducing agents produce ammonia as the final product. In this case sometimes the yields can be increased by addition of the same reducing agent (e.9. sodium amalgam) which is electron donor for catalytic N, reduction in protic media.
All these similarities strongly support the view that similar (although less stable) complexes are formed intermediately in N, reduction in protic media, where they were so far difficult to observe. It should be reminded that these results are also in good agreement with theoretical considerations presented above. As it was mentioned earlier the instability of the complexes in protic media (formed in all cases in the presence of water) does not mean that dinitrogen is less activated: dinitrogen replaces water which is a good ligand and heat of complex formation corresponds to the difference between two M-N and two M-OH, bond energies.
Why the elements of IV-VI groups are preferable to activate N, in d2 or d3 electronic configuration? Apparently it is because these configurations for the groups of smaller numbers correspond to too strong reducing agents unable to exist in protic media, while for the groups of higher numbers d2 and d3 electronic configuration would mean too weak reductant (e.g. MnN or FeV1) unable to form complexes and to activate N, to further reduction. 
